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B–Y modiﬁed silicide coatings were prepared on Nb–Si based alloy by pack cementation at 1300℃ for 10 h. The effect of Y2O3 content in the
pack mixtures on microstructure and oxidation resistance of the coatings was investigated. The results show that the four coatings have similar
structures, which possess a (Nb,X)Si2 outer layer and a (Nb,X)5Si3 transitional layer. Y2O3 content in the pack mixtures has an obvious effect on
the Si content in the coating. The mass gains of the coatings prepared with 0.5, 1, 2 and 3 wt% Y2O3 in pack mixtures are 2.33, 1.96, 2.05 and
2.86 mg/cm2 after oxidation at 1250℃ for 100 h, respectively. The coating prepared with 1 wt% Y2O3 exhibits the best oxidation resistance due
to the formation of a dense glass-like borosilicate scale.
& 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Niobium silicide based alloys have attracted much attention
as candidates for high temperature structural materials because
of their high melting points, low density and high strength at
high temperatures [1–3]. However, the widespread application
of Nb–Si based materials is still limited due to their poor
oxidation resistance at elevated temperatures. Alloying can
enhance the oxidation resistance of Nb alloys, but simulta-
neously it degrades the mechanical properties [3–7]. Thus, in
order to be used at high temperatures in air, Nb–Si based alloys
need to be coated with oxidation-resistant materials [8–10].
An oxidation-resistant coating must serve as a barrier
against oxygen penetration and form a dense, adherent and
slow-growing oxide scales. Silicide and aluminide coatings on
Nb–Si based alloys were found to be suitable for improving
their high-temperature oxidation performance by forming the
protective oxide scales such as SiO2 and Al2O3, respectively
[9–14]. Specially, silicide coatings can offer relative good10.1016/j.pnsc.2016.01.003
16 The Authors. Production and hosting by Elsevier B.V. on behalf
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nder responsibility of Chinese Materials Research Society.oxidation resistance at high temperatures due to the formation
of amorphous SiO2 scale, which may ﬂow and heal cracks
[15]. However, there are two major factors limiting the long-
term application of silicide coating at high temperature. Firstly,
the high viscosity of SiO2 results in reducing the ability to heal
the pores and cracks at high temperature. Fortunately, Per-
epezko et al. have studied that adding B to silicide coatings can
improve the oxidation resistance of the coatings by lowering
the scale viscosity [8,16–18]. Secondly, the brittleness of pure
silicide coatings hinder their long-term applications seriously.
Adding a small amount of active elements, such as Y, Ce and
La, etc, to the coatings has proved to be available to reﬁne the
grain sizes and modify the brittleness of the coatings, and
correspondingly reduce the oxidation rate and improve the
adherence of the oxide layer [7,19–23]. Guo et al. showed that
SiY co-deposition coating had superior oxidation resistance
at high temperature [24–26]. Moreover, the addition of Y
improved the sintering characteristics and plasticity of the
oxides, which reduced the stress in the scale [27].
However, few studies focused on the B–Y modiﬁed silicide
coating simultaneously. Thus, in this study the B–Y modiﬁed
silicide coating was prepared on the surfaces of Nb–Si based
alloy by pack cementation process. The effects of Y2O3of Chinese Materials Research Society. This is an open access article under the
Fig. 1. Cross sectional BSE image and major elemental concentration proﬁles of B–Y modiﬁed silicide coating prepared with pack mixtures containing different
mass fractions of Y2O3: (a,a0) 0.5%; (b,b0) 1%; (c,c0) 2%; (d,d0) 3%.
Y. Liu et al. / Progress in Natural Science: Materials International 26 (2016) 49–5750
Fig. 2. XRD patterns conducted on the surfaces of the B–Y modiﬁed silicide
coatings prepared with pack mixtures containing different mass fractions of
Y2O3: (a) 0.5%; (b) 1%; (c) 2%; (d) 3%.
Fig. 3. (a) The oxidation kinetics and (b) linear plot of B–Y modiﬁed silicide
coatings prepared with different Y2O3 content in the pack mixtures after
oxidation at 1250℃ for 100 h.
Table 1
The compositions of four coatings determined by WDS.
The content of elements (at%) Si Ti Cr Nb Hf Al B Y
0.5 wt% The outer layer 63.07 12.78 6.41 16.51 0.70 0.08 0.11 0.34
Y2O3 The transitional laye 41.99 16.68 11.12 24.98 2.08 1.70 0.11 0.34
1 wt% The outer layer 66.75 7.69 4.07 19.66 0.83 0.12 0.16 0.72
Y2O3 The transitional laye 43.23 18.03 8.03 24.91 2.57 2.35 0.16 0.72
2 wt% The outer layer 64.94 9.43 10.06 14.33 0.52 0.14 0.12 0.46
Y2O3 The transitional laye 42.52 18.01 9.03 25.78 1.74 2.34 0.12 0.46
3 wt% The outer layer 62.50 12.21 9.02 15.50 0.33 0.06 0.09 0.29
Y2O3 The transitional laye 40.52 14.91 15.74 24.47 1.84 2.14 0.09 0.29
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were investigated. The oxidation kinetics was also discussed
by analysing the micro-structural and elements composition of
the oxide layers formed during the exposure of the alloys at
1250℃ in dry static air.
2. Materials and methods
2.1. Specimen preparation
The alloy ingot with a composition of Nb–16Si–22Ti–17Cr–
2Al–2Hf (at%) was prepared by vacuum nonconsumable arc
melting. To ensure composition homogeneity the alloy was
remelted more than ﬁve times. After solidiﬁcation, the ingot
was annealed under argon gas atmosphere at 1250℃ for 50 h
in order to obtain a stable microstructure. For the coating and
oxidation experiments, the master alloy ingot was cut into
8 mm 8 mm 3 mm cubes by electro-discharge machining.
All six sides of each specimen were ground with silicon
carbide paper to 800 grits and then ultrasonically cleaned in
ethanol.
2.2. Coating process
The Si–B–Y coating applied to alloy specimens was
prepared by pack cementation process [16,18]. Pure Si, TiB2,
Y2O3, NaF and Al2O3 were used as donor sources, halideactivator and inert ﬁlter of the pack mixtures respectivety. The
powder mixtures composed of 8Si–8TiB2–xY2O3
(x¼0.5,1,2,3)–5NaF–(79x)Al2O3(wt%). Each kind of pow-
ders was weighed according to the ratio and then mixed
uniformity. Then, both the well-mixed powders and clean
samples were loaded in a cylindrical alumina crucible with
dimension of Φ 20 35 mm2 followed by sealing with an
alumina lid. After that the pack was loaded under an Ar
atmosphere in the furnace chamber. Under a steady ﬂow of
argon, the furnace was heated to 1300℃ at a rate of
5℃ min1 and sustained 10 h, then, cooled down to room
temperature naturally. The coated specimens were retrieved
from the pack and cleaned in an ultrasonic water bath to
remove any residual powders on their surfaces.
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The oxidation tests were conducted in static air in an open-
ended tube furnace at 1250℃ for 100 h. The specimens were
taken out of the furnace to cool at room temperature for a weight
measurement at intervals of 10, 30, 50, 75, 100 h and then back
into the furnace to continue the oxidation tests. The mass gain ofFig. 4. XRD patterns conducted on the surfaces of the B–Y modiﬁed silicide
coating prepared with (a) 0.5%, (b) 1%, (c) 2% and (d) 3% (mass fraction)
Y2O3 content in the pack mixtures after oxidation at 1250℃ for 100 h.
Fig. 5. Surface morphologies of B–Y modiﬁed silicide coating prepared with (a)
mixtures after oxidation at 1250℃ for 100 h.these specimens was measured by a precision analytical balance
(Model CPA225D, Germany) with an accuracy of 105 g. Three
measurements for weight gain at each time were conducted and
the average value was employed.
2.4. Analyzing method
Both coated and oxidized specimens were analyzed by X-
ray diffraction (XRD, Model D/Max 2500PC Rigaku, Japan),
scanning electron-microscopy (SEM, Model FEI Quanta600,
USA) with energy-dispersive spectroscopy(EDS) and electron
microprobe analysis (EPMA, Model JXA-8230, Japan, the
spot diameter is 1 mm) with wave dispersive spectroscopy
(WDS) to identify the phase constituents, morphology and
compositional distribution.
3. Results and discussions
3.1. Microstructure of coating
The cross-sectional microstructures and major elemental
concentration proﬁles are shown in Fig. 1 for B–Y modiﬁed
silicide coatings prepared with 0.5, 1, 2 and 3 wt% Y2O30.5%, (b) 1%, (c) 2% and (d) 3% (mass fraction) Y2O3 content in the pack
Fig. 6. Cross-sectional SEM images of B–Y modiﬁed silicide coating prepared with (a,a0) 0.5%; (b,b0) 1%; (c,c0) 2% and (d,d0) 3% (mass fraction) Y2O3 content in
the pack mixtures after oxidation at 1250℃ for 100 h.
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Fig. 7. EPMA elemental mappings for Si–B–Y coating prepared with 1 wt% Y2O3 content in the pack mixtures after oxidation at 1250℃ for 100 h.
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seen that these four coatings have similar coating structures,
which possess an outer layer and a transitional layer. The
thicknesses of outer layer and the transitional layer of these
four coatings are 160 mm and 11 mm, 168 mm and 15 mm,
163 mm and 13 mm, 154 mm and 10 mm, respectively. It
concludes that with increase of Y2O3 in the pack from 0.5 to
3 wt%, the thickness of coating increases ﬁrstly but then
decreases.
The corresponding concentration proﬁles of the four coat-
ings, obtained by WDS, are shown in Fig. 1(a0)–(d0). The
element composition of the outer layer and the transitional
layer for the four coatings is listed in Table 1. The composi-
tional values are the average values of the composition for
each point in Fig 1(a0)–(d0). As can be seen, a small quantity of
B disperses uniformly in the four coatings with a concentration
of 0.11, 0.16, 0.12 and 0.09 at%, respectively. And the Y
disperses uniformly in the four coatings with a concentration
of 0.34, 0.72, 0.46 and 0.29 at%, respectively. Besides, with
the addition of 0.5, 1, 2 and 3 wt% Y2O3 content in the pack
mixtures, the content of Si in the coating is 63.07, 66.75, 64.94
and 62.50 at%, respectively. Thus, with the increase of Y2O3
content in the pack mixtures from 0.5 to 3 wt%, the content of
Si in the coating increases ﬁrstly but then decreases. The
content of Si in the coating prepared with 1 wt% Y2O3 content
in the pack mixtures is maximum. Furthermore, Al2O3 is not
found in these four coatings, suggesting that the coatings grow
predominantly by the inward diffusion of Si, B and Y [26,27].
The X-ray diffraction (XRD) (Fig. 2) shows that the outer
layers of four coatings are detected to be composed of (Nb,X)
Si2(X presents Ti, Cr and Hf elements). There is no B-
containing and Y-containing phase detected by the XRD.
However, through the EPMA major elemental concentration
proﬁles, we can see that B and Y are ﬁnely dispersed in the
coating and the corresponding concentration is 0.16 and
0.72 at% as analysed by WDS. So we conclude that B and
Y exist in form of solid solution in the coatings.3.2. Static oxidation behavior
The oxidation performance of the coatings was studied at
1250℃ for 100 h, and Fig. 3a presents the oxidation kinetics
data for B–Y modiﬁed silicide coatings prepared with different
Y2O3 content in the pack mixtures (mass fraction). The mass
gains of the coatings prepared with 0.5, 1, 2 and 3 wt% Y2O3
content in the pack mixtures are 2.33, 1.96, 2.05 and 2.86 mg/
cm2, respectively. We can conclude that the Si–B–Y coatings
perform good oxidation resistance. The oxidation kinetic of the
Si–B–Y coated samples follows the parabolic rate law as can
be seen in Fig. 3(a). Fig. 3(b) presents the corresponding linear
plot of Si–B–Y coated samples. The parabolic rate constants
were calculated according to the equation.
Δm=A
 2 ¼Kpt ð1Þ
where Δm is the weight change of the specimen, A is the
surface area and t is the exposure time. The parabolic rateconstants (mg2 cm4 h1) of the coatings prepared with 0.5,
1, 2 and 3 wt% Y2O3 content in the pack mixtures were
5.29 102, 3.61 102, 4 102 and 8.41 102, respec-
tively. It is concluded that with the increase of Y2O3 content in
the pack mixtures from 0.5 wt% to 3 wt%, the mass gain of the
coatings after oxidation at 1250℃ for 100 h and the parabolic
rate constants present a down and then up trend. The coating
prepared with 1 wt% Y2O3 content in the pack mixtures
exhibits the best oxidation resistance.
3.3. Microstructure of oxide scale
The oxidized surfaces of B–Y modiﬁed silicide coating were
analyzed by XRD (Fig. 4). The main oxides observed after
oxidation at 1250℃ for 100 h are SiO2 and TiO2. Fig. 5
shows the surface morphology of the B–Y modiﬁed silicide
coatings prepared with 0.5, 1, 2 and 3 wt% Y2O3 content in the
pack mixtures after oxidation at 1250℃ for 100 h. It can be
seen that the surfaces mainly consist of a dark glass-like phase
and a rod-like phase. EDS analysis on the dark phase reveals
that the dark phase has a composition of 61.51O–29.20Si–
1.52Ti–7.78Al (at%), which indicates that it is SiO2, while the
rod-like phase has a composition of 62.07O–9.84Si–23.61Ti–
2.47Cr–2.01Al (at%), which indicates that it is TiO2. As can be
seen from Fig. 5(a)–(d), with the addition of 0.5–1 wt% Y2O3
content in the pack mixtures, the content of SiO2 in the scale
increases obviously, while that of TiO2 decreases. However,
with the addition of 1–3 wt% Y2O3 content in the pack
mixtures, the content of SiO2 decreases instead, while that of
TiO2 increases obviously. Besides, the morphology of TiO2
changes from lath-like structure or rod-like shape to graininess
as shown in Fig. 5(a)–(d). Moreover, it shows clearly that the
scale is dense and no micro-cracks or micro-holes exists on the
surface of the coating prepared with 1 wt% Y2O3 content in the
pack mixtures after oxidation at 1250℃ for 100 h and TiO2
ﬁnely embeds in glass-like SiO2. However, a large number of
TiO2 exposes on the surface of coating prepared with 0.5 wt%
Y2O3 content in the pack mixtures after oxidation at 1250℃
for 100 h. Besides, some micro-holes and micro-cracks present
on the surfaces of the coatings prepared with 2, 3 wt% Y2O3
content in the pack mixtures after oxidation at 1250℃ for
100 h, respectively.
Fig. 6 shows the cross-sectional microstructures of the B–Y
modiﬁed silicide coating prepared with 0.5, 1, 2 and 3 wt%
Y2O3 content in the pack mixtures after oxidation at 1250℃
for 100 h with low and high magniﬁcations, respectively. As
can be seen from Fig. 6(a)–(d), the thickness of the scales is
41.72, 29.27, 34.51 and 19.40 μm, respectively. Compared
with the thickness of the scale on the surface of the coating
prepared with 1 wt% Y2O3 content in the pack mixtures after
oxidation at 1250℃ for 100 h, that of the scale on the surface
of the coating prepared with 3 wt% Y2O3 content in the pack
mixtures after oxidation at 1250℃ for 100 h is much thinner
due to the spalling of the oxide and poor adhesion. EDS
analysis indicates that the dark glass-like phase has a composi-
tion of 69.18O–26.03Si–3.93Ti–0.58Cr–0.28Hf (at%), con-
ﬁrming that the phase is SiO2, while the lash-like phase
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in the bottom of the scale has the composition of 71.54O–
23.42Ti–3.30Cr–1.74Hf and 61.54O–33.93Cr–3.25Si–1.28Ti
(at%), conﬁrming the formation of TiO2 and Cr2O3. The scales
on the surface of the coatings prepared with 0.5, 1 wt% Y2O3
content in the pack mixtures after oxidation at 1250℃ for
100 h are continuous and compact as can be seen in Fig. 6(a,
a0) and (b, b0). The scales have a dual-layer structure, an outer
layer consisted of SiO2 and TiO2, and an inner layer mainly
contained Cr2O3 adjacent to the retained coating, which is
similar to the scale developed on the Si–B co-deposition
coating [16]. The scales on the surface of the coatings prepared
with 2–3 wt% Y2O3 content in the pack mixtures after
oxidation at 1250℃ for 100 h have similar structure with
the scales on the surface of the coating prepared with 0.5,
1 wt% Y2O3 content in the pack mixtures after oxidation at
1250℃ for 100 h as can be seen in Fig. 6(a0)–(d0). The oxide
scale on the surface of the coating prepared with 2 wt% Y2O3
content in the pack mixtures with slight spalling and voids
shows poor adhesion as can be seen in Fig. 6(c) and (c0), but it
is much better than the coating prepared with 3 wt% Y2O3
content in the pack mixtures. The cross-sectional microstruc-
ture of the coating prepared with 3 wt% Y2O3 content in the
pack mixtures is given in Fig. 6(d) and (d0). It shows that
obvious cracks and voids in the scale, indicates the poor
adhesion of the oxide scale.
The elemental mapping for Si–B–Y coating prepared with
1 wt% Y2O3 content in the pack mixtures after oxidation at
1250℃ for 100 h is shown in Fig. 7. It can be seen that the
upper part of the scale is a mixture oxide of SiO2 and a small
amount of TiO2, while the lower part of the scale is a mixture
oxide of slight SiO2 and discontinuous Cr2O3. Minute quantity
of B ﬁnely dispersed in the oxide scale, suggesting that the
existence of B2O3.
4. Discussion
4.1. The effect of Y2O3 on formation of Si–B–Y coating
In this paper, we can see that with the increase of Y2O3
content in pack mixtures from 0.5 wt.% to 1 wt%, the content of
Si and B in the coating and the thickness of coating increase, but
with the continuous increase of Y2O3 content in pack mixtures
from 1 wt% to 3 wt%, the content of Si and B in the coating and
the thickness of coating decrease instead. It is concluded that the
addition of Y2O3 can accelerate the diffusion of Si and B.
However, the accelerated effect of RE element Y on the inward
diffusion of Si and B exist an optimum concentration range. The
effect of the RE element Y on the diffusion of Si and B is
discussed from the following aspects.
The formation of the Si–B–Y coating relates to the produc-
tion of the active Si, B and Y atoms. During the cementation
pack process the following chemical reactions probably occur
[28,29].
Si(s)þxNaF(l)-SiFx(g)þxNa(g) (2)
TiB2(s)þ2(xþ1)NaF(g)-2BFx(g)þTiF2(g)þNa(g) (3)Y2O3(s)þ6NaF(g)-2YF3(g)þ3Na2O(s) (4)
2YF3(g)-2[Y](s)þ3F2(g) (5)
x[Y](s)þ3SiFx (g)-xYF3(g)þ3[Si](s) (6)
[Y](s)þBFx(g)-YFx(g)þ [B](s) (7)
where x is 1,2,3,4.
At the beginning, the SiFx and BFx are formed by the
chemical reaction (2) and (3). YF3 is produced through the
chemical reaction (4). Subsequently, YF3 decompose to active
Y atoms according to reaction (5). Then active Y atoms react
with SiFx and BFx, which produces YF3 and contributes to
liberate active Si and B atoms as can be seen from the
chemical reaction (6) and (7). In this way, the concentration of
active Si and B atoms on the surface is considerably elevated.
Therefore, the inward diffusion of Si and B is accelerated
driven by the concentration gradient of atoms.
A thin active Y atoms layer adsorbs on the surfaces of samples
with addition of 1 wt% Y2O3 content in the pack mixtures. Thus
the Y atoms can diffuse into the substrate owing to the
concentration gradient. The Y atoms diffused into substrate
induces lattice distortion due to the big size, thereby increasing
the dislocation density, which provides more diffusion channels
for the inward diffusion of Si and B atoms. Therefore, the
diffusion rate of Si and B atoms is accelerated obviously.
Consequently, a thicker coating is obtained in Fig. 1b.
However, the active atoms Y generated in the pack are too
little to produce enough driving force for its diffusion in the
coating with addition of 0.5 wt% Y2O3 content in the pack
mixtures. Thus the lower Y atoms are penetrated to the coatings.
When the addition of Y2O3 content in the pack mixtures
increases to 2–3 wt%, the active Y atoms layer on the surfaces
of specimens become thicker. The Y atoms stacked on the
surfaces of samples hinder the inward diffusion of Y atoms.
Thus, the diffusion of Y atoms in the atom packing layer needs
to overcome more resistance. Although the active atoms Y in the
pack are numerous, the content of Y penetrated to the coatings
decreases. Accordingly, the dislocation density and the quantity
of diffusion channels for the inward diffusion of Si and B atoms
decrease. The diffusion resistance of Si and B atoms increases
due to the concentration of Y atoms on the surface of the
specimen. Thereby, the content of Si and B in the coating
decreases. As a result, a thin coating is obtained as we can see in
Fig. 1(a), (c) and (d). Li et al. investigated effect of Y2O3 on Si–
Al–Y co-deposition coatings prepared on Ti–Al alloy. They
found that the coating thickness and density increased ﬁrstly but
then decreased when the content of Y2O3 in the pack mixtures
increased from 1 to 5 wt% [25]. Other similar investigations
were also conducted in recent years [30–32].
4.2. Oxidation mechanism of the Si–B–Y coating
We can conclude that the B–Y modiﬁed silicide coatings on
the alloy Nb–16Si–22Ti–17Cr–2Al–2Hf (at%) have signiﬁcantly
beneﬁcial effect on high temperature oxidation resistance. The
oxidation resistance of Si–B–Y coating prepared with 1 wt%
Y2O3 content in the pack mixtures is superior to that of coatings
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after oxidation at 1250℃ for 100 h in this paper. The main
reasons are as follows.
According to the ΔG0–T plots (Ellingham–Richardson Chart) of
various oxides [33,34], the standard free energies for formation of
these oxides at 1250 1C are in the following sequence:ΔG0TiO2
oΔG0SiO2oΔG0B2O3oΔG0Cr2O3 . Therefore, Ti would be oxidized
preferentially to form loose TiO2 rods. As oxidation is processed,
Si is oxidized to SiO2, and then the as-formed TiO2 rods are
wrapped in glass-like SiO2, forming dense and mixed scales
mainly consisted of SiO2 and TiO2. The content of Si atoms
penetrated to the coatings prepared with addition of 0.5 wt%,
1 wt%, 2 wt% and 3 wt% Y2O3 content in the pack mixtures are
63.07, 66.75, 64.94 and 62.50 at%, respectively. Thus, the coating
prepared with 1 wt% Y2O3 content in the pack mixtures is more
easily to form SiO2. As the oxygen continually diffuses into the
coating, B is oxidized to B2O3, which dispersed in the scale.
Then, the as-formed SiO2 reacts with B2O3 to form a borosilicate
scale, which may ﬂow and heal cracks. Thus, the formation of
borosilicate scale is beneﬁcial for the oxidation resistance.
Recently, Li also reported that B2O3 oxidised from B-modiﬁed
SiC layer could seal cracks at intermediate temperatures, resulting
in improving the oxidation resistance of the coating [35].
Therefore, the coating prepared with 1 wt% Y2O3 content in
the pack mixtures exhibits the best oxidation resistance due to
the formation of a dense glass-like borosilicate scale.
5. Conclusion
The Si–B–Y coatings were prepared with 0.5, 1, 2, 3 wt%
Y2O3 content in the pack mixtures on Nb–Si based alloy by pack
cementation method at 1300℃ for 10 h. The results show that
the four coatings have similar structures, which possess a (Nb,X)
Si2 outer layer and a (Nb,X)5Si3 transitional layer. The content of
Si and B in the coating and the thickness of coating increase
ﬁrstly but then decrease with the addition of Y2O3 content in the
pack mixtures increased from 0.5 to 3 wt%.
The mass gains of the B–Y modiﬁed silicide coatings
prepared with 0.5, 1, 2 and 3 wt% Y2O3 content in the pack
mixtures were 2.33, 1.96, 2.05 and 2.86 mg/cm2 after oxida-
tion at 1250℃ for 100 h, respectively. The oxides mainly
consist of SiO2, TiO2 and Cr2O3. The coating prepared with
1 wt% Y2O3 content in the pack mixtures exhibits the best
oxidation resistance due to the formation of a dense glass-like
borosilicate scale.
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